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REFRIGERATION CONTROL WITH VARYING CONDENSING PRESSURES 
R H Green 
EA Technology. UK 
G A Vinnicombe 
and 
G A lbrJhim 
Depumnent of Mechanical Engineering 
King's College, London. UK 
ABSTRACT 
Allowing the condensing pressure of direc;t expansion refrigeration equipment to float (vary freely) with ambient temperature can lead to substantial energy savings. This paper presems experimental results of the perfonnance of thermostatic expansion valves (TEV) under a range of condensing pressures. system loads and inlet quality. A theory is developed to exp!aTn the performance of the valves under these conditions. It is concluded that condensing pressures can be allowed to vary freely across a wide range of conditions provided that the TEV is correctly siz.ed and that an envelope of safe operating conditions is defined to ensure satisfactory perform:.tnce at all times. ~ 
INTRODUCTION 
Direct expansion refrigerJtion equipment has been rraditionally designed to 
maintain an artificially high condensing temperJture irrespective of ambient conditions. However for a given evaporator duty and temperJture, the lower the condensing temperature the lower will be the compressor power, and the higher will be the 
refrigerating capacity. This effect is demonstrated in Figure I which shows the theoretically calculated refrigerating capacity and coefficient of performance over a range 
of condensing temperatures for a typical air-conditioning system. It can be: seen that, for 
most efficient operation. the system should run at as small n condensing temperature as possible and that substantial energy savings will result in so doing. Consequently full 
advantage should be taken of low ambient temperatures by allowing the condensing temperature to float (vary freely) with ambient temperature. 
The most usual reason given for maintaining a fixed condensing temperature is that it maintains an adequate pressure drop across the liquid expansion device - usually a Thennostatic Expansion Valve (TEV)- for its correct operation (1). There is thus a need to establish to what extent. if any. the perfonnance of a TEV is impaired by operating with 
a reduced pressure drop. The need to keep the pressure drop across the valve small to 
minimise energy use is now becoming recognised (2) but there is little data on the range of 
conditions that a TEV can be expected to perform over. 
A TEV consists of an automatically adjustable orifice which modulates in response 
to a temperature sensor at the evaporator exit in an attempt to maintain a constant 
refrigerant superheat. If the valve is fully open any reduction in pressure drop across it 
will result in an inadequate supply of refrigerant to the evaporator, giving a reduction in 
refrigerating capacity and an increase in superheat. The overall state of affairs is illustrated in Figure 2 and shows how the equilibrium refrigerant mass flow rute varies as a function of pressure difference (P c - P cl across the system. P c is the condensing pressure 
and P e is the evaporating pressure. Consider the curve labelled "design orifice". At low pressure differences i.e .. up to a pressure difference of 1\.P 1• the refrigerant flow is determined by the fully open orifice size of the TEV. The muss !low in this region is, to a first approximation. proportional to the root of the pressure difference. When the pressure difference is greater than 1\.P t the flow is detennined by the capacity of the compressor 
and the size of the orifice in the TEV will be reduced automatically to maintain the set 
superheat. The operating line set by the compressor slopes slightly downwards due to the 
reduction in volumetric efficiency as d1e condensing pressure is increased. From Figure 2 it is seen that the refrigerant flow and therefore the refrigerating capacity is small at low pressure differences i.e .. low condensing temperatures. and thus it could be argued that the 
condensing temperature must be maintained high to avoid this. However it can be: seen in Figure 2 that if the lowest attainable pressure difference for the system where 1\.Pz, then 
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the problem of the valve restricting the capacity would be ov
ercome by selecting a valve 
whose fully open characteristic where described by th
e curve bbelled "large orifice". 
Unfortunately there is an upper limit to the si:ze of TEV
 that can be used because of the 
problem known as "hunting"'. This is the tendency for a T
EV to become unstable when the 
orifice is close to its fully closed· position i.e., at high con
densing temperatures and/or part 
load conditions. resulting in a cyclic overfeeding and und
erfeeding of the evapomtor. The 
most serious consequence of this can be refrigerunt 
liquid being admined to the 
compressor leading to possible mechanical failure particu
larly in the case of reciprocating 
compressors. The limit of this unstable region is ill defi
ned. Manufacturers recommend 
that in order to avoid this region the capacity should not b
e reduced to less than 30% of the 
declared capacity (3). Included in Figure 2 is a "hunting limit" de
fined by the ""large 
oritice" closed down to 30% of its area. Part load condit
ions can be obtained by reducing 
the swept volume rate of the compressor and this operati
ng condition is also illustrated in 
Figure 2. Clearly using a large orifice TEV to allo
w operation at :~ low pressure 
differences will not 11ecessarily extend the oper~ting range of
 the plant because the TEV 
may now hunt at low capacities and/or high pressure dif
ferences. One of the purposes of 
the work described here was to investigate experimentall
y the arguments addressed above 
and to test if they are reasonable. 
The other area of TEV operJ.tion which this report w
ill examine is that of the 
effect, on performance, of the presence of refrigerant v
apour (flash gas) in the liquid at 
entry to the TEV. Any flash gas present in the liquid lin
e will increase the mean specific 
volume of the refrigerant and could thus be expected
 to reduce the capacity of the 
expansion valve. A given mass of vapour will occupy
 a larger volume at low pressure 
than at high pressure and will conse'luently have a larger 
affect on the valve"s performance 
-another reason cited for maintaining an artificially high 
condensing temperature (4). 
TEST EQUIPMENT 
The test equipment comprised a laboratory refrigerut
ion plant with 'II design 
refrigerating capacity of 10 kW (2.8 ton) at an evaporating temperat
ure of O"C (32"F). 
The refrigerant used was R22. The evaporator was a p
late heat exchanger with a basic 
rating of 1.7 kW /K (0.34 toni''F) and the cooling load was provided b
y electric heaters in 
the recirculating chilled water line. The heaters could 
be thermostatically controlled to 
maintain a constant return temperature to the evaporato
r at full and part load conditions. 
The condenser was water cooled with a shell and tube co
nfiguration. The compressor was 
a two cylinder reciprocating open type with a water co
oled head. Part load conditions 
were obtained by using different pulley combinations
 to vary the compressor speed 
supplemented by an evaporator pressure regulator valv
e. Two sizes of TEY's, with 
nominal capacities of 10 kW (2.8 ton) and 7.5 kW (2.lton) were tested
. A microprocessor 
controlled valve - activated by a stepper motor - having 
an orifice of a similar size to the 
smaller TEV was also tested. 
The liquid line from the condenser to the expansion val
ves was made as short as 
possible to minimise the built in pressure drop and so a
void possible vapour formation. 
However, in order to investigate the effects of the li
quid line pressure drop on the 
performance of the expansion valve, a needle valve was 
incorporated in the liquid line so 
that pressure drops of various amounts could be effec
ted. A sight glass was placed 
immediately in front of the expansion valve to give a vis
ual indication of the presence of 
vapour. 
All of the tests were perfonned with an evaporating te
mperature of 0°C (32°F) 
representative of typical air-conditioning systems. M
ost other types of refrigeration 
systems will have lower evaporating temperatures and c
onsequently will always have a 
larger pressure drop available at the expansion valve. 
The water temperatu~ onto the 
evaporator was maintained at 12"C (54°F) throughout. At part load 
conditions the water 
tlow to the evuporJ.tor was adjusted, if necessary, to balance the load 
and prevent the 
evaporating temperamre rising. 
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VALVE PERFORMANCE IN THE ABSENCE OF FLASH GAS 
The results of d1e tests at the full and part load duty for each of the TEVs are shown in Figures 3 and 4. lnclmied in these graphs are perfonnance curves taken from the manufacturer's catalogue. From Figure 3 it is clear that TEVs will control at duties considerably in excess of the nominal duty - 50% higher in this case. 
Two regions of the results are importalll for this investigation. The first one is at low condensing temperatures when the desired refriger:lting capacity cannot be maintained. The second is at pan loud conditions and high condensing temperatures where expansion valve instability is possible. With re'pect to the first region it can be seen that both the TEV's behaved broadly as expected from the discussion in the introduction 1l1e capacity of both valves was found to be significantly larger than their declared capacities and allows the system 10 maimain the set load at condensing temperatures much lower than that predicted from the declared data. 
The second area of importance was that at high condensing temperatures and low load where instability was possible. It was expected that instability would occur when the expansion valve was near the closed condition i.e. when a combination of high pressure difference and low refrigerating capacity prevailed. 1l1is was. in fact, broadly the case and for both d1e TEV' s instability was observed only at the lowest capacity operating point i.e., 25% full load for the larger TEV and 33% for the smaller TEY. Instability was present for much of the operJting range but diminished as the condensing temperature was reduced. The instability was greater in the larger valve at 25% load than in the smaller one at 33% load. The fonn of the instability, as observed from the liquid line flow meter, was different depending on the system "s operating pressure difference. At the low pressure differences variation in flow rate consisted of a fairly high frequency component ( at approximately 0.5 Hz) superimposed upon a low frequency component with a frequency of approximately a minute or so. At these low frequencies the change in flow rate and corresponding change in refrigerating capacity was easily measurable and varied between limits of approximately 10% of the values indicated in the Figures. As the pressure difference was increased it was noted that the low frequency component diminished to zero but the high frequency component remained. At no time during the test programme did the instability have any serious adverse effect on the compressor. 
Under no conditions was instability observed in the electronic valve. This would suggest that in this respect it is superior 10 the TEV because, at the same conditions. the smaller TEV which had a similar meU$Ured capacity 10 the electronic valve, was sometimes unstable. 1l1e stability of the system is largely dependant upon the gain of the valve (i.e. the change in valve stroke to the change in superheat signal). For a TEV this is more or less a constant tixed by the design of the valve. In the: electronic valve the gain can take on a wider range of values, usually determined automatically by the control system. The control system is thus able to select a value for the gain low enough to ensure stability over a much wider range of operJting conditions than can the TEV (5). 
There were no adverse effects on the system due to running at reduced pressures. In fact the system was seen 10 be running much more quietly and smoothly than when operating at high condensing temperatures. 
Figure 5 shows the effect of varying condensing pressure on the evaporator exit superheat and the system COP for the larger TEV operating at full capacity. Both are measured values. As expected the superhe.at remains substantially constant as the condensing temperamre is reduced until n point is reached (at around IS - 20°C (60 -68°F) for this valve • see 1\Jso Figure 4) where the valve becomes fully open and can no longer control. There after the superheat increases towards the water inlet temperature. The COP increases with decreasing condensing temperature, as predicted, but only whilst the valve is controlling. Once it is fully open the COP begins to fall due to the reduction in refrigerating capacity us the evaporator becomes starved of liquid. In a system without an evaporator pressure regulator the evaporating pressure will begin to fall once the valve is fully open and thus slightly more liquid would be fed to the evaporJtor than was the case in the experiments reported here. The rise in superheat and full in COP would then be expected to be less rapid than those shown in Figure 5. · 
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THE EFFECT OF FLASH GAS 
To a first approximation the refrigeront mass flow rate, m,.. through an orifice 
with 
a pressure difference of Pee- Pe, is obmined from Bernoulli's equation 
i.e .. 
mr"' C,,A(2(P.,- Pc)lvt)0 ·5 (l) 
Where C" is the discharge coefficient, A is the orifice area and v1 is th
e specific volume of 
the liquid refrigerant. Now if there is a pressure drop of ~p in the l
iquid line then. 
providing the refrigerant remains liquid, the new refrigerant mass flo
w rate, ml!' can be 
calculated from equation I with (Pc-Pe) replaced by (Pc-~P-Pel· Hence the fraction
al 
reduction in mass flow. M1,, due to a pressure drop of ~p is: 
(2) 
If the pressure reduction causes the refrigerant state to pass into the we
t region then 
vapour will be formed and there will be an additional reduction in m
ass flow rate. The 
amount of vapour formed i.e., the refrigerant quality, can be foun
d by proceeding as 
follows. The refrigerant leaves the condenser as a liquid with a specifi
c enthalpy he and, if 
there is no heat transfer or work performed, the enthalpy and mas
s flow rate remain 
constant. Then if there is a pressure drop of ~p in the liquid line the qua
lity ~ of the 
refrigerant entering the expansion valve is given by 
x "' (he - hr)/(h8 - hr) (3) 
where hr and h.!l are the specific enthalpies of saturated liquid and va
pour at the reduced 
pressure P" - ~1'. . 
The mean specific volume of this mixture will then be 
v,..,~vgx+(l-x)v 1· (4) 
where vr and vg are the specitlc volumes of the liquid and vapour at th
e reduced pressure. 
Thus if Vt is the specific volume of the liquid at Pc and if it is assume
d that the effect of 
the vapour on mass flow depends only on the mean specific volume
, then the fractional 
reduction of mass flow as a result of the formation of vapour is 
and the total fractional reduction in mass flow as a result of the reduc
tion in pressure ~p 
when this result~ in the refrigerant entering the wet region is 
M,- MpMv (6) 
Experimental results showing the behaviour of the smaller TEV when
 flash gas is 
fanned due to a liquid line pressure drop are shown in Figure 6. The te
sts were performed 
at a constant condensing temperature with the pressure drop before the
 TEV progressively 
increased by using the needle valve. The increasing quantity of vapo
ur could be seen in 
the sight glass which was immediately before the expansion valve. I
ncluded in Figure 6 
are the predicted values for M1, Mp and Mv from the analysis given 
above. Considering 
the assumptions made in obtaining equation 6 the agreement between t
he measured values 
and the calculated M, is surprisingly good. It is clear from Figure 6 that vapour fo
rmation 
has the dominant effect on valve capacity over the likely range of p
ressure drops to be 
encountered in prJctice. The amount of vapour formed is. of course,
 independent of the 
evaporator conditions. 
Figure 7 is a plot of the calculated fractional reduction in mass flo
w rate, M, 
through a fully open valve at a constant evaporating pressure of 0°C fo
r various liquid line 
pressure drops. This shows that the reduction in mass flow rate result
ing from a pressure 
drop is always significant but is much more so as the condensing tem
perature is reduced. 
The graph applies to any size of valve. the normal operating point 
when the liquid line 
pressure drop is zero being given by Mt" I. 
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The effects of a fixed pressure drop from the satumted state are plotted for a range 
of condensing temperatures in Figure 8. The theoretical predictions for this condition was 
obtained using Equation 6 assuming that at the saturated state the TEV was fully open. These predictions are also shown in the Figure and the correspondence between theory and 
experiment is e"cellent. 
The only other observation made about the effects of flash gas was during testing 
at the low duty conditions where hunting occurred. It was found that introducing a pressure drop into the liquid line to cause vapour to form stabilised the valve's behaviour by effectively reducing its capacity. It has however been reported elsewhere that flash gas produced in long liquid lines can produce severe hunting of TEVs (6). This could clearly be the case if the liquid and vapour do not remain well mixed but rather arrive at the valve 
as slugs of ultemutively liquid rich and vapour rich refrigerant. 
CONCLUSIONS 
I. It has been shown that thennostatic expansion valves (TEV) can operate 
satisfactorily with a wide range of pressure differences across them. The minimum pressure drop is set by the fully open· valve. The fully open condition of the TEV is well defined by a simple square root relationship between flow and pressure drop. 
2. Any TEV is likely to hum (i.e. become unstable) ut low duties und/or high 
condensing pressures. This region of operation should be avoided. However the 
region where hunting occurs is not well defined and is probably system dependant. It is suggested (based on manufacturer's claims and the present study) that 
operating conditions where the TEV would be less than 30% fully open should be 
avoided. There is a need for better understanding of the conditions causing hunting. 
3. The electronic stepper motor driven valve tested showed no signs of hunting over 
the mnge of test conditions. 
4. Flash gas caused by pressure drops and/or heat gains in long liquid lines reduces 
the capacity of the valve. This reduction is well predicted by the simple theory presented. Flash gas reduces the range of safe operating conditions for a TEV. However it is suggested that the presence of flash gas is not itself a cause of hunting unless there is separation of the two phases. If phase separation is likely or if the rnnge of operating conditions is too limited, consideration should be given to 
e;liminating the flash gas. Flash gas is unlikely to be a problem in short liquid lines. 
5. There is little justification for maintaining an artificially high condensing 
tempemture. The system was found to oper:ne more quietly at lower condensing 
temperJmres and gave subst:rmial energy savings provided that the liquid flow was 
not restricted by a fully open TEV. 
6. TEVs have excess capacity above their rnted capacity.· Use of this excess capacity 
should be encouraged to allow a wider range of safe operating conditions. Manufacturers could help by quoting valve coefficients for their valves. 
7. The TEV should be chosen to meet the full system capacity at the minimum pressure drop across it. An envelope of safe operating conditions should then be defined set by the fully open and hunting limits. If the plant is to operate beyond 
this rJnge consideration should be given either to using more than one TEV and 
switching between them using a solenoid valve or to using an electronic valve. 
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